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ABSTRACT. Two-component signal transduction is the predominant information processing mechanism in
prokaryotes and is also present in single-cell eukaryotes and higher plants. A phosphorylation-based switch
is commonly used to activate as many as 40 different types of output domains in more than 6000 two-
component response regulators that can be identified in the sequence databases. Previous biochemical
and crystallographic studies showed that phosphorylation of the two-component receiver domain of DctD
causes a switch between alternative dimeric forms, but it was unclear from the crystal lattice of the activated
protein precisely which of four possible dimeric configurations is the biologically relevant one [Park, S.,

et al. (2002FASEB J. 161964-1966]. Here we report solution structures of the apo and activated DctD
receiver domain derived from small angle scattering data. The apo dimer closely resembles that seen in
the crystal structure, and the solution data for the activated protein eliminate two of the possible four
dimeric conformations seen in the crystal lattice and strongly implicate one as the biologically relevant
structure. These results corroborate the previously proposed model for how receiver domains regulate
their downstream AAA- ATPase domains.

Two-component signal transduction is a predominant form  DctD is ao54-dependent AAA- ATPase that is important
of information processing in bacteria. It is also present in for biological nitrogen fixation irSinorhizobium melilot{4—
archae, fungi, and plants. Currently, 6600 two-component 6). Previous crystallographic7( 8) and biochemical 9)
response regulators are identified in the Pfam datakgse ( studies showed that the receiver domain of DctD is dimeric
In these proteins, transient phosphorylation of the “receiver” and that phosphorylation switches between alternate dimeric
domain alters its interaction with one of some 40 different conformations. However, the biochemical studies suggested
types of output domains to activate the output function, which complex solution states, and the crystal lattice of the receiver
typically regulates gene transcription. More than 400 two- domain bound to Bef [which mimics phosphorylatioriQ)]
component regulators are54-dependent transcriptional —contained four possible dimeric conformations (see Figure
activators that usually bind as dimeric proteins to upstream 5A in ref 8, or Figure 1 of the Supporting Information). One
promoter elements where they are poised to interact with Of these conformations (dimer A:E in r8j is very similar
nearby closed complexes 654-RNA polymerase?). Upon to the dimeric structure of the phosphorylated FixJ receiver
phosphorylation of their receiver domains, these AAA  domain (L1), another type of response regulator also present

ATPasesassemble into larger ring structures to activate their in S. meliloti Therefore, this dimeric form was tentatively
ATPase and transcription function3)( proposed to be the biologically relevant one for the activated
receiver domain of DctD8).
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crystal structures of the54-dependent activator NtrC1 of SAS Data Collection and Processil8ANS measurements
Aquifex aeolicusto propose how two-component signal were performed on the NG7 30-meter SANS instrument at
transduction could regulate assembly of the DctD and NtrC1 the NIST Center for Neutron Researchb). The neutron
AAA + ATPase domains3j. In this model, the unphospho- wavelengthi, was 6 A, with a wavelength spreati}/4, of
rylated receiver and ATPase domains form a dimer that holds0.15. The samples were measured 6ch atroom temper-
the ATPase domain in an inactive conformation. Phospho- ature in quartz cuvettes with a 0.1 cm path length for samples
rylation of the receiver domain stabilizes it in an alternate measured in KD buffers and a 0.2 cm path length for
dimer state (dimer A:E), which frees the ATPase domains samples measured #hi,O buffers. Scattered neutrons were
to rearrange and oligomerize to the active conformation. detected with a 64 cnx 64 cm two-dimensional position
Thus, determining which active DctD dimer form is present sensitive detector with 128 128 pixels and a resolution of

in solution is important for corroborating this model. 0.5 cm per pixel. Raw counts were normalized to a common

Here we report SANS and SAXS/WAXS solution studies monitor count and corrected for empty cell counts, ambient
of the DctD receiver domain. These results strongly support '00m background counts, and nonuniform detector response.
prior assignments of the biologically relevant dimer confor- Data were placed on an absolute scale by normalizing the
mations for apo and BeF-bound forms of the receiver scattered intensity to the incident beam flux. Finally, the data
domain, thus strengthening the proposed model of how DctD- Were radially averaged to produce scattering intens(g),
like receiver domains negatively control their downstream Versusq curves, whereq = 4z sin()/A and @ is the

AAA + ATPase domains. scattering angle. Sample-to-detector distances of 5 and 1.5
m were used to cover thggrange from 0.025 to 0.25 A&.
EXPERIMENTAL PROCEDURES The scattered intensities from the samples were then further

corrected for buffer scattering and incoherent scattering from

Proteins.The DctD(1-143:His6) protein was prepared as hydrogen in the samples. Protein concentrations were 3.2
previously described7j. Mutations were introduced into  mg/mL for DctD(1-136:His6) and 4.6 mg/mL for DctD-
codons 136 and 137 to convert them tdliaDIII restriction (E121K:1-136:His6), with an uncertainty of5%. Using
site to move the Histag from immediately after residue 143 these concentrations, a known scattering contkastandlo
to immediately after residue 136. The resulting protein was values estimated from Guinier plots, molecular weights were
purified in the same way as the longer form, using-Co calculated using the formula Mwt (1oNa)/[c(Apvbay?]
NTA affinity and MONO-Q ion exchange chromatography. [wherelqis in inverse centimeters estimated from the Guinier
Protein labeled uniformly with'>N was prepared using plot, Na is Avogadro’s number of particles per mole, the
minimal medium as described previous8),(with purified protein concentratiore is in grams per cubic centimeter,
protein being desalted against water by size exclusion contrastAp as 3.44x 10 cm™2 for protein in2H,0O, and
chromatography and lyophilized to dryness. Protein was the partial specific volumes,, was 0.7419 cifg calculated
dissolved to a concentration of 5%M by being gently from sequence using SEDNTERP4].
swirled in buffer [5 mM HEPES (pH 7.0)]. Light precipita- SAXS data were collected on BioCAT undulator beamline
tion was observed when TCEP (pH 7, final concentration of 18-ID at the APS 16). Samples were exposed to focused
1 mM) was subsequently added. One microliter of 10 M X-rays (12 keV and a flux of 2« 10'2 photons/s after 10-
NaOH was added, completely dissolving the precipitated fold attenuation) for 5.2 s, or for 0.6 s without attenutation
protein and bringing the pH to 7.6. Aliquots of a stock (12 keV and a flux of 2x 10 photons/s). To determine
solution (40 mM MgC}, 40 mM BeC}, and 160 mM NaF  radiation damage effects, five exposures of 0.6 s were taken
dissolved in water) were added to introduce 18ekR;". for sample solutions that were pumped through a 1.5 mm
Samples were centrifuged at 98 100 H{A000Q) for 5 min quartz capillary 17) at 12.5uL /s, followed by five exposures
at room temperature and passed through an Anotop 0.1for the same sample held stationary. For all other measure-
micron filter (Whatman) prior to collection of NMR data ments, the sample solutions were pumped through the
on a DRX 500 MHz spectrometer at the indicated temper- capillary at 4uL/s. Two-dimensional scattering patterns were
atures. Data were processed using NMRPif&) (and obtained by usig a 5 cmx 9 cm charge-coupled device
analyzed using NMRView1(3). For neutron and later X-ray =~ (CCD) detector 18) at a specimen to detector distance of
scattering experiments, proteins were desalted or dialyzed2.78 m (SAXS) or 0.16 m (WAXS). Scattering intensity
exhaustively into final buffer [50 mM Tris-HCI (pH 8.0), profiles over theq range from 0.004 to 0.800 A were
300 mM NacCl, and 10 mM TCEP]. Initial X-ray scattering calculated from radial averaging of the two-dimensional
experiments were conducted on samples in 10 mM HEPESscattering patterns using the routines in the FIT2D data
buffer (pH 7.0). Buffers were made with water or 100% analysis programl@), or using macros written by the APS
2H,0. No adjustments were made for determining the “pH” staff for IGOR Pro (WaveMetrics, Inc.). Scattering profiles
for the?H,0 buffers, which were calculated to be 97850 from protein with buffer and from buffer alone were scaled
after addition of the small amounts of water-based compo- using incident flux values integrated over the exposure time.
nents. Samples with and without MgBeR;~ were kept on Protein scattering profiles were then obtained by subtracting
ice for up to 12 h prior to centrifugation at 1047 rad/s (10 000 the average of five buffer profiles from five profiles of buffer
rpm) for 5 min and passage through an Anotop 0.1 micron with protein. PRIMUS 20) was used to merge SAXS and
filter (Whatman) before being placed in neutron or X-ray WAXS scattering data and to calculate the radius of gyration
beams. Protein concentrations were determined by the(Rg) and forward scattering intensityo). The latter was put
absorbance at 280 nm in 7.6 M GuHCI using an extinction on the absolute scale using scattering data for a known
coefficient of 1200 M? cm™! that was derived from the concentration of cytochrome that were collected im-
primary sequence using SEDNTERR). mediately before the scattering data for DctD proteins (the
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Ficure 1: Titration of Mg?t/BeR;~. IH—15N correlation spectros-
copy measurements were used to monitor ligand binding to DctD-
(1—143:His6). (A) A small region illustrating how a decrease or
increase in the intensities of some spectral peaks reveals confor-
mational change upon binding of the ligand at°’87 (B) Intensities

vs ligand concentration for the peaks at 9.6 ppnil6 ppm and

9.3 ppm x 117 ppm (which, among others, disappeared upon
binding of Mg*/BeR").

same equation described above was used to calculate

molecular weight except that the value &p was changed

to 2.67 x 10'° cm2 to reflect the use of X-rays instead of
neutrons). Interatomic distance distribution functiop@j]
were obtained using GNOM(), and they were processed
to yield dummy atom structures using DAMMIN2Z) or
GASBOR 3). Some of the latter computations were
performed on the LionXL and LionXM clusters maintained
by the Penn State Center for Academic Computing. CRY-
SON @4), CRYSOL @5), and xtal2sas (S. Krueger and S.
K. Gregurick, private communication) were used to calculate
scattering curves from crystal structure models, and to fit
SANS data to models. Rigid body fitting was performed
using the output from these programs and MASSI2A)(
and a global search for the optimal location of subunits in a
P2 symmetric homodimer given the monomer structure and
scattering data was performed using GLOBSYRT)(

RESULTS

Mg?t/BeR;~ Saturates DctD(3143:His6) at 5 mM Bind-
ing of Mg?*/BeR;~ can be used to mimic phosphorylation
as a method for activating the DctD receiver domain- (
10). 'H—N correlation spectra were used to identify
chemical shifts that accompanied binding of the ligand.
Useful spectra, not seen at 1T apparently due to

Nixon et al.
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Ficure 2: Guinier plots of flowing vs stationary solutions of DctD-
(1—143:His6). Ln[(Q)] vs Q? plots are shown for five 0.6 s
exposures of a protein solution flowing at 1215s (filled symbols)

or being held stationary (empty symbols). The apo form is shown
in panel A (circles), and protein activated by 5 mM WMBeR;~

is shown in panel B (triangles). Panel C shows the calculRted
value QmaxRc = 1.00) for each exposure, where number&lare

for the flowing solution and 610 are for the stationary solution.

Flowing Sample Solutions Minimized Radiation Damage
Experiments were performed to determine conditions that
minimized radiation damage to DctD{143:His6) protein,
in both its apo and activated forms. Solutions of protein in
the presence or absence of saturating amounts &f/Bgr~

aggregation, were observed at room temperature, but clustersvere exposed to the beam for 0.6 s while being pumped

of peaks were more sharply delineated by increasing the
temperature to 37 or 42C (Figure 2 of the Supporting
Information). Comparing spectra for protein in the absence
and presence of 5 mM Mg/BeFR:~ revealed several well-

through the capillary at a rate of 12:&/s for five successive

exposures, or then held stationary for five additional expo-
sures. Flowing the solutions was intended to provide fresh
samples for each measurement and effectively reduce

separated peaks unique to the apo or ligand-bound forms ofexposure time by a factor of 17.4, reducing the absorbed

the protein (examples are shown in Figure 1A). Quantifying
exemplary peak intensities showed that the transition from
the apo to ligand-bound form was essentially complete at
>5 mM Bek;~ (Figure 1B). These studies were conducted
at 37°C; less complete data for binding at 26 yielded
similar results (not shown).

dose from 130 te~7 kGy (28). A comparison of the radius

of gyration Rs) calculated from Guinier plots (Figure 2)
showed that the five exposures for moving samples were
very reproducible, givindgRs values of 25.6+ 0.1 and 26.2

+ 0.1 A for the apo and activated protein, respectively. The
first stationary exposure gave slightly lardy values (25.9



SAS Structures of Apo and BgFBound DctD

w
=

0.10 015 020 025 030

(Q (1/A)

FIGURE 3: SANS data for DctD(3136:His6). (A) Crystal structure
model for deletion of residues 13143 to shorten the helical linker.
(B) A plot of log(l) vs Q (O; tstandard error) is shown together
with best fit solutions for the crystal structure model determined
with adjustment of the scattering length density for the hydration
layer (—; CRYSON) or without the adjustment (- - -, xtal2sas). (C)
Homodimer model derived by MASSHA that best fits the scattering
data.

0 0.05

A for the apoprotein and 26.6 A for the activated protein),
but successive exposures2 showed dramatically increased
Rg values. A slower flow rate of &4L/s similarly minimized
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Ficure 4: Solution dimer models for DctD(1136:His6). (A)p(R)
distribution functions from GNOMQ; +standard error; 56 Amay)

and xtal2sas®; +standard error) (note that the error bars fall within
the data points). (B) Overlay of the crystal structure model with a
low-resolution ab initio solution structure derived by DAMMIN
using the 56 A-base@(R) distribution function calculated by
GNOM. (C) Same image as in panel B, rotated A the vertical
axis.

A~% not shown) from thegRs range of 0.3-1.3 estimated
anRg of 23.44 0.1 A for apo DctD(+136:His6) and 26.3
+ 0.1 A for the protein incubated with Mgy/BeF;~ (5 mM).

the radiation damage (data not shown), and it was used inForward scattering intensities adjusted to the absolute scale

the SAXS experiments reported below.

Residues 137143 of the Apo Form of DctD(2143:His6)
Mediate Formation of a Larger OligomeThe R value of
26.2 A seen for the activated form of the protein is similar
to those that are calculated for two of the four dimer
configurations seen in the crystal lattice of the Wi@er; -
bound protein (24.9, 25.3, 23.9, and 23.0 A for B, A—B,
A—C, and A-D dimers, respectively; note that the models

[(1.57 & 0.08) x 1072 and (1.594+ 0.08) x 1072 cm™}]
yielded molecular weights of 32 684 1500 and 33 08&
1500 for the apo and activated proteins, respectively. These
values are essentially identical to the molecular weight
calculated for dimers from the amino acid sequence (32 280).
SANS Studies of DctD{1136:His6) To confirm the
results given above, the truncated protein was studied in
SANS experiments (Figure 3B), yielding 34 6802200 for

lack the 13 carboxy-terminal amino acid residues which are its molecular weight, which gives an aggregation number

unstructured in the crystal). However, tRe value of 25.6

of 2.1 + 0.2 monomers per particle. TH; estimated by

A seen for the apo form of the protein is considerably larger Guinier analysis (21.1 0.3 A) is also close to the value

than the value of 21.7 A predicted for dimers from the crystal calculated with CRYSON using a model derived by truncat-
structure. In the crystal lattice of the off-state protein, the ing the crystal structure (18 A; note that this model lacks
last six residues of the C-terminal helices of the dimeric the 13-residue Histag). Using CRYSON or xtal2sas, the
protein bundle together to form a tetram@éy. Although prior scattering data fit very well to the proposed biological dimer
ultracentrifugation studies conducted with up to 2.7 mg/mL of the crystal lattice (CRYSON yielded &% value of 19.8
protein showed no evidence of particles larger than dimer, A with a y, variance of fit, of 1.98). Further, rigid body
these SAXS studies were conducted with 8.0 mg/mL protein. analysis starting with the monomer of the asymmetric unit
Reasoning that there might be a small amount of the tetramerof the crystal structure gave a very similar homodimer
seen in the crystal lattice forming in solution at this conformation (Figure 3C).

concentration of protein, we removed the last six residues The truncated model predicts a maximum particle dimen-
by making DctD(}136:His6). In this construction, residues  sion Dmay) of 58 A. The xtal2sas and GNOM programs differ
108-136 are still predicted to form a long helix, with in how they treatDmax in Xtal2sas it is adjusted as a
residues 124136 extending beyond the globular portion of parameter, while in GNOM it is fixed by the user. GNOM
the receiver domain (Figure 3A). In the truncated region, also calculates a “total score” based on seve(®) features
there is only one leucine that makes a small surface areathat have been shown by the program author’s experience
contact between the two helices in the “off” state, which is to be typical of good solution2(). The xtal2sas program
lost in the “on” state; therefore, we do not expect the showed aDnax Of 74 A, andp(R) distribution functions by
truncation to make any significant difference in the energetics GNOM (total scores 0&0.91) were obtained USINDmax

of activation (and hence the response to B¢FGuinier values ranging from 55 to 74 A, with the best occurring at
analysis of SAXS data (spanningjaange of 0.00550.155 56 A (Figure 4A).
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Except for the ends of the helical tails, the truncated model A.
for the DctD(1-136:His6) protein superimposed well onto
ab initio shapes determined by simulated annealing using a
single-phase dummy atoms model [DAMMIN; results for
the 56 A p(R) function are shown in Figure 4B]. This
suggests that the C-terminal end of the pseudo-coiled coil
structure seen for the linker helices in the crystal lattice is
less stable in solution.

For comparison with the crystal structure of the g
BeRs-bound protein [which is only available for the receiver
domain bearing the amino acid substitution E128), data
were also collected for the apo form of the substitution
variant DctD(E121K:1+136:His6) (data not shown). Scat-
tering from this protein gave a molecular weight of 35 800
+ 1700 for an aggregation number of 2£220.1 monomers
per particle, arR of 20.3+ 0.2 A, andp(R) distribution
functions with GNOM total scores at0.92 over theDmax
range of 55-70 A, and ab initio shapes that were also very
consistent with crystal structure of the apo dimer (e.g., the
root-mean-square deviation between the modeled scattering
curve and the raw data processed @Dy of 58 A was

0.889). o
. - T FiIGURe 5: SANS data for DctD(+136:His6) in the presence of
SANS Data Suggest that Aettion of DCtD(1-136:His6) Mg?t/BeR;~. (A) Neutron scattering was measured for protein in

with Mg?*/BeFs™ Stabilizes the Predicted Alternadi Dimeric the presence of the ligandD{ +standard error) and fit using
Conformation Neutron scattering was assessed for both CRYSON to the crystal structure models for off-state dimer (- - -)
DctD(1—136:His6) and DctD(E121K:2136:His6) incubated ~ and on-state AE dimers (thick solid line), or AB, A—C, or A-D
with 5 mM Mg”/Bng‘. The 1o values gave estimated dimers (thin solid lines; note that the fit to the8 dimer closely

. ey tracks the fit to the A-E model). (B) A weighted fitting of
molecular weights of 31 30& 1500 for DctD(1-136:His6) calculated scattering curves was used to model mixtures of the off-

and 38200+ 1900 for DctD(E121K:+136:His6), for state dimer and each of the on-state dimers. The resulting variance
aggregation numbers of 19 0.1 and 2.4t 0.2 monomers  of fit is plotted vs the percent composition for the on-state dimer

per molecule, respectivelfRs values were estimated to be models [values go off the scale forAC (4) and A-D (a) models
22.44+ 0.2 and 23.2t 0.3 A, respectively. Each of the four ~Put improve for A-E (O) and A-B (@) models].

dimeric models seen in the on-state crystal lattice modeled
the resulting data better than the off-state dimer model
(Figure 5A). Models for A-E and A-B dimers had better
variances of fit ¢ values of 2.08 and 1.61, respectively) than
did models for A-C and A-D dimers § values of 4.48
and 3.18, respectively). Two of the on-state models-EA
dimer and A-B dimer) could be combined with the off-
state model in weighted fitting to reduce the variance of fit
(Figure 5B). The best fits were obtained with a mixture
containing 26-30% of the off-state dimer. The GLOBSYM
program, which globally searches for the best location of a
second subunit given a monomer atomic model and point
symmetry R7), found the best-fit homodimer withP2
symmetry to be very similar to the-AE dimer {, a measure

of the discrepancy between experimental and model scat-
tering curves, was 1.023 for the best fit vs 1.076 for the next ' )
closest fit; Figure 6). Ab initio shapes derived from GNOM A\

and DAMMIN analyses were most consistent with high-

(rfsqlu“(.)nhrEOdels forhAE and IA_B dlmerr? but did not His6). The SANS data in Figure 5 were used with GLOBSYM to
istinguish between them (analyses not shown). globally search for the location of a second monomerPin

High-Resolution SAXS/WAXS Data Yielded Solution Struc-symmetry space that best fit the data. The resulting model (black)
tures for Off-State and On-State Dimer-E& Conformations is shown superimposed on the crystal structure model of the A
range from 0.025 to 0.257 (corresponding to a range from > ):

250 to 25 A in real space). This limited ab initio shape

determinations for the method of simulated annealing of were obtained for apo and MyBeFR-bound forms of the
single-phase dummy atom models. If higher-resolution data DctD(1—136:His6) protein (Figure 7A). Inverse Fourier
are available, simulated annealing can be used to find a chaintransforms did not clearly reveal optimBln.x values, but
compatible distribution of dummy atoms. SAXS/WAXS data very similar ab initio shapes were obtained independent of
reaching to 0.8 Al (correspondingd 8 A in real space)  theDmax values used to genergéR) distributions over the

Log (I)

Variance of Fit (x 104) &

0.7 0.8 0.9 1.0
Fraction of 'On' Dimer

FiIGURE 6: Best-fit, P,-symmetric homodimer for DctD(2136:
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FiIGURe 7: SAXS/WAXS data for DctD(+136:His6). X-ray
scattering data (A) were collected for the protein in the absence
(black; £standard error) and presence (graygtandard error) of 5
mM Mg?t/BeR;~ (note that error bars fall within the data points).
Eight independent models derived from GASBOR were averaged
and filtered (DAMAVER and DAMFILT) to generate the most
likely solution structures, which were then superimposed (SUP-
COMB13) with (B) the off-state, crystal structure dimer model and
(C) the on-state, crystal structure-A dimer model. In each case,
the bottom views are rotated 9€elative to the top ones.

ranges of 5266 A for the apoprotein and 6674 A for the
Mg?*/BeR-bound protein (Figure 3 of the Supporting
Information). Using SUPCOMB130), the average [DAM-
AVER (30)] of eight such models superimposed well onto
the off-state dimer model and the/4 dimer model of the

Biochemistry, Vol. 44, No. 42, 2009.3967

A—B, A—C, and A-D dimers (Figure 4 of the Supporting
Information); for comparison, the normalized spatial dis-
crepancy value for superimposing the on-state solution shape
and the off-state dimer crystal structure was 1.78].

DISCUSSION

Radiation damage is a possibility that must be addressed
when using the intense and highly focused beams of modern
synchrotrons. Flowing of sample during exposure has been
reported to reduce the amount of such dama@g énd this
was clearly seen for the DctD{1143:His6) protein in both
apo and activated forms. It is interesting that a single
exposure of the stationary solution gave nearly the Sage
estimate as exposures of flowing solutions, but that repeated
stationary exposures gave increasing estimatégo8ince
the half-life of a free radical is on the order of microseconds
to nanoseconds, the radiation damage may occur in two
phases, during and after the 600 ms exposure. Perhaps a
threshold of damage must be achieved before Rgeof
DctD(1—-143:Hisb6) is affected, or alternatively, perhaps 600
ms is not long enough for the damaged protein to enlarge or
form aggregates which could appear during the several-
second pause between successive exposures of the stationary
solutions. During this period of time, aggregates could also
adhere to the capillary surface when the solution is not
flowing to replenish the sample. Finally, reproducibility in
successive exposures of flowing sample does not eliminate
the possibility of reproducible radiation damage. This may
be the cause of the-24 A increase that we saw R when
the DctD(1-136:His6) protein was studied by SAXS rather
than by SANS (23.4 and 21.1 A for the apoprotein and 26.3
and 22.4 A for the activated protein, respectively). Since
these studies were performed at different times and places,
we cannot rule out variations in the sample preparations as
an alternative explanation. Despite these differences that
emerge from analysis of the lowe& data for the SAXS
and SANS experiments, the structural inferences that emerge
from analysis of higheiQ data were consistent for both
sources of radiation.

Previously published analytical ultracentrifugation data are
most consistent with a dimeric model for the activated
receiver domain of DctD7), but the crystal lattice of MRj/
BeR-bound DctD(E121K:1+143:His6) showed four pos-
sible dimeric forms ). Various other biochemical measure-
ments suggested a complex mixture of solution conformations
for phosphorylated and BgFbound forms of the wild-type
receiver domain when studied at room temperatByeThis
study indicates that some of that complexity arises from
higher-order oligomer formation of the off-state protein that
is mediated by the last six residues of the linker segment.
Such oligomerization, possibly to a tetramer form, is probably
an artifact of working with only one domain of a multido-
main protein. In its natural state, the receiver domain is
covalently attached to the DctD ATPase and DNA binding
domains, and this arrangement should preclude oligomer-
ization via the linker segment. This notion is consistent with
the idea that the receiver domain of DctD regulates its

on-state (normalized spatial discrepancy values of 1.46 andATPase domain as does the receiver domain in the NtrC1

1.67; Figure 7B,C). Less convincing superimpositions oc-

protein of A. aeolicus.The crystal structure of a fragment

curred when the other dimer models were used with the dataof the apo-NtrC1 protein bearing both the receiver and

for the Mg*/BeR;~-bound protein [normalized spatial dis-
crepancy values of 1.80, 1.79, and 1.74, respectively, for

ATPase domains shows the linker sequestered from solution

and in contact with the ATPase domain of a second subunit
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(3). The SAS data presented here for the DctD receiver ization interface, predominantly along linker helix 5. In the
domain with six residues of the linker removed are totally on-state dimer (A E dimer), the linker helices are separated,
consistent with the reported off-state dimer structure presentallowing the attached AAA- ATPase domains to rearrange
in the crystals, and we conclude that it represents theinto the active oligomeric ring and to initiate transcription
predominant solution form as well. activation.

These data also strongly suggest that the predominant
solution conformation present under activating conditions is ACKNOWLEDGMENT

similar to the A-E dimer model previously described in o .

crystallography studies. AE and A-B dimer models are We thank Dmitri Svergun and MaX|m_Petoukhov (EMBL’_

quite similar at low resolution, but these are quite different Hamburg, Germany) for helpful discussions about using their

from A—C and A-D dimer models (see Figure 1 of the softwgre programs for SAXS/WAXS _data anaIyS|_s. I

Supporting Information). AE and A-B dimer models fit describe fully and accurately .the materlals_ preparation and

the SANS data and SAXS/WAXS-based solution structures measurement protocols of this research, it is necessary to
mention certain commercial sources and products that were

significantly better than the AC or A—D dimer model. used. These references should not be construed as being
While the A-B dimer does fit the lower-resolution SANS endorsements by NIST, nor should it be inferred that the

data as well as the AE dimer, the latter is found to be the ! ) ;

best homodimer conformation in a global search for qua- products mentioned are necessarily the best available for the
ternary structure given a monomer model &2dsymmetry. purpose.
Further, the AgE_.dimer ;uperimposes more convinpingly SUPPORTING INFORMATION AVAILABLE

upon the ab initio solution model derived from higher-

resolution SAXS/WAXS data. TheAE dimer model is thus Figures illustrating (1) the four Mg/BeR;~ dimer models,
most consistent with the data. This conclusion has to be (2) HSQC spectra for the apoprotein at different tempera-
tempered with the low-resolution similarity betweer-& tures, (3) crystal structure model for the apoprotein and for
and A-B dimers and difficulties that are intrinsic to the the A—E dimer of the M@*/BeFR;-bound protein superim-
approach31). These include the facts that (a) model testing posed on solution structures derived from SAXS/WAXS data
does not probe all of solution space, (b) ab initio solution at variousDnax values, and (4) crystal structure models of
structures need not in principle be unique, and (c) deriving A—B, A—C, and A-D dimers superimposed on the solution
these shapes depends on a homogeneous distribution o$tructure derived from SAXS/WAXS scattering data for the
particles. Given these potential limitations, it is reassuring Mg?"/BeFR;~-bound DctD(1136:His6) protein. This material
that independent ab initio shape determinations, which is available free of charge via the Internet at http:/

necessarily followed different annealing pathways, gave pubs.acs.org.

similar solutions. Further, very similar shapes were obtained
regardless of which (reasonabB),.« values were used to
calculate the distance distribution functions.

Additional strong but indirect support for concluding that
the A—E dimer represents the solution state for the activated
DctD receiver domain comes from a crystal structure of the
phosphorylated, Mg -bound receiver domain of NtrC1 that
has recently been determined (Doucleff et ap). It forms
a dimer similar to that of the AE dimer of the M§*/BeR;-
bound form of the DctD receiver domain, but its crystal
lattice does not have the other alternative dimers as seen in
the DctD lattice. Furthermore, WAXS data for the NtrC1
receiver domain in the off- and on-states are nearly super-
imposable on those reported here for the DctD receiver
domain [Doucleff et al.32; low-angle SAXS data show that
in both forms of the NtrC1 fragments the linkers interact to
form tetramers rather than dimers (Nixon, unpublished
observation)].

The low-resolution solution structures we report here show
that the apo and active dimer states of the DctD receiver
domain seen in the crystal lattice are also present in solution.
The higher-resolution SAXS data (te8 A) also help to
clarify which of the four Mg*/BeR;-bound dimers seen in
the crystal lattice is the biologically relevant one. This
clarification is important for reinforcing the recently proposed
model for how receiver domains regulate their attached
AAA + ATPase ino54-dependent transcriptional activators
such as NtrC1 and DctD3). That model depends on the
receiver domain switching between dramatically different
dimeric forms. The off-state dimer represses oligomer
assembly of the ATPase domain by forming a large dimer-
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